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Abstract
The construction of neutral black hole microstates is an important problem, with
implications for the information paradox. In this paper we conjecture a construction of
non-supersymmetric supergravity solutions describing D-brane configurations which carry
mass and angular momentum, but no other conserved charges. We first study a classical
string solution which locally carries dipole winding and momentum charges in two compact
directions, but globally carries no net winding or momentum charge. We investigate its
backreaction in the D1-D5 duality frame, where this object becomes a supertube which
locally carries oscillating dipole D1-D5 and NS1-NS5 charges, and again carries no net
charge. In the limit of an infinite straight supertube, we find an exact supergravity solution
describing this object. We conjecture that a similar construction may be carried out based
on a class of two-charge non-supersymmetric D1-D5 solutions. These results are a step
towards demonstrating how neutral black hole microstates may be constructed in string
theory.
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1 Introduction
The black hole information paradox has been a long-standing problem in physics [1]. In recent
years we have seen how the paradox may be resolved in string theory: the gravitational fields
sourced by individual microstates have been found to differ from the traditional geometry with
horizon (for reviews, see [2]). For the microstates which have been constructed, in each known
example it has been found that the microstate sources a horizonless gravitational solution.
While there has been considerable work on supersymmetric microstate solutions1, the number
of non-supersymmetric solutions known to date is small; see e.g. [6, 7, 8].
In considering non-BPS configurations, it is natural to seek a construction of gravitational
solutions describing microstates of extremal, non-BPS black holes such as the extremal Kerr [9]
and Myers-Perry [10] solutions. There is strong observational evidence of the existence of
near-extremal black holes in our galaxy [11]. There has also been much interest in a recent
conjecture that quantum gravity in the near-horizon region of an extremal Kerr black hole
may be described by a chiral 2D CFT [12].
In this paper we describe progress on constructing new classes of non-supersymmetric
D-brane configurations, which carry mass and angular momentum but no other conserved
charges. Our starting point is a classical fundamental string solution which is a generalization
of the solution studied in [13]. The configuration has the structure of a ring which locally
carries dipole winding and momentum charges in two compact directions. The dipole charges
rotate around the ring in such a way that globally the solution carries no net winding or
momentum. This is achieved by taking the string to make a large circle in the covering space
of a compact torus T 2. The string makes a closed orbit in the covering space, so has no net
winding or momentum charge.
By considering a series of S and T dualities, we infer the existence of an ‘oscillating
supertube’: an object which locally carries a combination of different dipole charges which
oscillate as a null wave along the object. In the example we study, the charges oscillate
between D1-D5 and NS1-NS5. We argue that the configuration corresponding to the above
fundamental string solution has the structure of a ring which has local oscillating D1-D5 and
NS1-NS5 dipole charges, but which globally carries only mass and angular momentum.
By taking a near-ring limit, in which the configuration becomes an infinite straight line, we
obtain an exact solution to IIB supergravity. The solution locally resembles a BPS supertube.
We interpret the above as evidence that such an object exists in string theory, and for the
existence of a solution for the ring configuration.
We then conjecture that a similar construction may be carried out in the more general
setting of the JMaRT family of non-supersymmetric microstate solutions [6]. We consider
the range of parameters of zero momentum charge, small D1 and D5 charges compared to
the ADM mass, and small compact directions. In this limit, the JMaRT solutions approach
1For more recent work, see e.g. [3, 4, 5].
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the 5D singly-spinning extremal Myers-Perry black hole (which has a zero-size horizon). We
observe that the solutions in this case resemble a thin tube carrying D1-D5 charge inside a
Myers-Perry background. This tube can be thought of as resolving the naked ring singularity
of the corresponding over-rotating Myers-Perry solution. This motivates our conjecture that
a similar construction may yield another new charge-neutral solution.
The circular oscillating supertube configurations are non-BPS, and so may be expected
to decay. The configurations we study contain time-dependent gauge fields, which may be
expected to be a source of decay2. A detailed analysis of the decay modes of these objects is
beyond the scope of this paper, however we will make a simple estimate of the radiation from
the circular ring configuration. It remains an exciting possibility that oscillating supertubes
may be used in constructing microstates of neutral black holes such as extremal or near-
extremal Kerr or Myers-Perry black holes, and possibly even Schwarzschild black holes.
Our work builds on classical string solutions studied previously in the literature. The
classical string solution of interest to us is closely related to solutions studied in [14, 15, 16].
In particular, [16] proposed a correspondence between a set of such configurations and black
ring solutions with dipoles of the NS-NS two form potential [17].
The plan of this paper is as follows. In Section 2 we present the classical string solution
and analyze its properties. In Section 3 we consider the duality chain to the D1-D5 duality
frame, and present our new supergravity solution describing an oscillating supertube. In
Section 4 we conjecture a possible extension of these results to the two-charge JMaRT class
of backgrounds. In Section 5 we discuss our results.
2 The classical string solution
In this section we consider the classical motion of a free string in flat space, without back-
reaction. We first recall the classical string equations. Then we write down the solution of
interest to us; this solution will carry no overall winding or momentum charges.
2.1 The equations for the string
We briefly review the classical equations of motion for a string in flat space, which will enable
us to introduce our notation and conventions. String dynamics in flat space is described by
the Nambu-Goto action
SNG = −T
√
−det[∂X
µ
∂χa
∂Xµ
∂χb
] (2.1)
where T = 12piα′ is the tension of the string. Equivalently, one may use the Polyakov action
SP = −T
2
∫
d2χ
√−g∂X
µ
∂χa
∂Xµ
∂χb
gab . (2.2)
2We thank Simon Ross and Nick Warner for raising the issue of radiation from such solutions.
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The variation of gab gives
∂Xµ
∂χa
∂Xµ
∂χb
− 1
2
gab
∂Xµ
∂χc
∂Xµ
∂χd
gcd = 0 (2.3)
so gab must be proportional to the induced metric. The X
µ equations give
∂a[
√−g∂Xµ
∂χb
gab] = 0 (2.4)
so that the Xµ are harmonic on the worldsheet.
We choose coordinates χ0 ≡ τ, χ1 ≡ σ on the world sheet so that gab = e2ρηab for some ρ.
Introducing
χ+ = χ0 + χ1, χ− = χ0 − χ1 (2.5)
we obtain
g++ = 0 , g−− = 0 . (2.6)
Since the induced metric is proportional to gab, this implies that
∂Xµ
∂χ+
∂Xµ
∂χ+
= 0 ,
∂Xµ
∂χ−
∂Xµ
∂χ−
= 0 . (2.7)
To summarize, we solve the equations of motion if Xµ are harmonic functions
X ,aµ a = 0 (2.8)
and they satisfy (2.7). The equations (2.8) imply that the coordinates Xµ can be expanded
as a left and a right moving part
Xµ = Xµ+(χ
+) +Xµ−(χ
−) . (2.9)
2.2 The classical string solution
We work in type IIB string theory with Minkowski spacetime compactified as
M9,1 → M4,1 × S1 × T 4 . (2.10)
We describe the noncompact part M4,1 by coordinates X
0 = t,X1, X2, X3, X4 and the S1
by y with 0 ≤ y ≤ 2piR. For the T 4 we use coordinates z5, z6, z7, z8 of which we single out
one, say z6 ≡ z for our construction below. We take the T 4 to be a square torus, with each
coordinate having period 2piRz.
We can use the residual diffeomorphism symmetry to set the harmonic function X0 to be
X0 = 2Aτ = A(χ+ + χ−) . (2.11)
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Figure 1: String solution for k = 1, at τ = 0. The point (σ, τ) = (0, 0) is marked with a blue dot and
the direction of positive σ is indicated with an arrow. At (σ, τ) = (0, 0) the winding is predominantly
in the positive y direction. Since the string makes a closed loop in the covering space of the (y, z)
torus, there is no net winding charge.
The full solution is given by
t = A(χ+ + χ−)
y =
A
k
sin(k χ+)
z =
A
k
cos(k χ+)
X1 = A cos(χ−)
X2 = A sin(χ−) . (2.12)
The string describes a circle of radius A in the noncompact X1, X2 plane, through a left-
moving wave on the string. The string also oscillates in the compact coordinates y, z through
a right-moving vibration.
One may check that the equations (2.7) and (2.8) are satisfied. Each function is also
periodic under σ → σ+2pi, so the string is closed as it should be. We thus have a valid solution
to the string equations. Similar solutions have previously been considered in [14, 15, 16].
We now examine the properties of the solution. We take the (y, z) torus to be small
compared to A/k,
Ry ∼ Rz  A
k
. (2.13)
Thus the string will locally wind many times around the torus as it goes around the circle in
the (X1, X2) plane.
For ease of presentation, in the remainder of this section we shall analyze the case in which
k = 1. This is depicted in Fig. 1.
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Figure 2: A sketch of the configuration for k = 1. The bold ring is a schematic depiction of the
multiwound string. The boxes show in which direction the string winds in the (y, z) plane at τ = 0.
The string closes on itself after the full trajectory in the (X1, X2) plane.
At time t = 0, we find as we circle the ring that
δχ+ = δσ, δχ− = −δσ . (2.14)
Let us examine a small segment of the circle around the point (X1, X2) = (A, 0). We find
δy ≈ Aδσ
δz ≈ 0
δX1 ≈ 0
δX2 ≈ Aδσ . (2.15)
This is similar to the structure expected for a supertube where the string winds purely in the
y direction (i.e. with no excitation of the z coordinate). As shown in Fig. 2, the strands of
the string wind partly along y and partly along the (X1, X2) circle; here the latter direction is
along X2. Thus the local charges of the supertube include (i) winding along y and (ii) winding
along X2. The string strands also carry momentum. This momentum must be perpendicular
to the direction of the strand, and we see from Fig. 2 that we get the local charges (iii)
momentum along y and (iv) momentum along X2. (The latter is actually negative, as seen
from the figure.)
Let us write (X1, X2) = (A cosφ,A sinφ). Around a general point φ we find (at t = 0)
δy ≈ A cosφ δσ
δz ≈ −A sinφ δσ
δX1 ≈ −A sinφ δσ
δX2 ≈ A cosφ δσ (2.16)
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The compact directions have winding and momentum along y as well as z. Note that the
string does not have to close after each winding around the compact torus; it only has to
close after a complete trip around the (X1, X2) circle. Thus there is no constraint from the
periodicity of the cycles on the torus.
Breaking up the winding and momentum charges along different directions, we find that
we have six local charges: windings along φ, y, z and momentum along φ, y, z. When we
perform dualities in the compact directions, the charges in these directions will change to
other charges.
3 The metric produced by the neutral oscillating supertube
The string profile (2.12) lies in a ring of radius A in the (X1, X2) plane. If we consider
the backreaction of this string on the geometry, we will get a deformation of the metric in
a tubular neighbourhood of this ring. Before we discuss this metric, we will perform some
dualities to map the string source to other objects in the theory. The essential physics is,
of course, unchanged under such duality, but with the string we had a source singularity at
the location of the string, while in a different duality frame the source is replaced by a KK
monopole, and is hence the solution is a regular geometry.
3.1 Dualizing to D1-D5
We now consider the standard sequence of dualities which maps an NS1-P configuration to a
D1-D5 bound state. We will use this duality map as a guide to motivate an ansatz for the
fields describing the corresponding object in the new duality frame.
To get a handle on the problem, let us consider the neighborhood of the point χ+ = 0.
Here we have
y ' Aχ+ , z ' A
(
1− 1
2
(χ+)2
)
. (3.1)
Let us also fix τ = 0. At this instant we have y ' Aσ so that (at σ = 0) the string is locally
winding in the y direction only. A little away from σ = 0 the string starts to wind slightly
also in the z direction (recall that the size of the y–z torus is small compared to A).
Let us therefore consider the sequence of dualities on a string carrying winding and mo-
mentum in the y direction, and a smaller amount of winding and momentum in a T 4 direction.
The penultimate step in this sequence of dualities involves T-duality along one torus direc-
tion. The starting string configuration also selects a particular torus direction. One obtains
different results depending on whether these directions are taken to be the same or different.
To illustrate this, we consider the two cases in which the string configuration winds around
z6 and z7, and we consider T-duality along z6 in each case.
We denote these starting configurations by
NS1y Py (NS16 P6) (NS17 P7) (3.2)
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where the brackets denote the two possibilities for the smaller charge.
We consider the following sequence of dualities:
NS1y Py (NS16 P6) (NS17 P7)
S : D1y Py (D16 P6) (D17 P7)
T5678 : D55678y Py (D3578 NS16) (D3568 NS17)
S : NS55678y Py (D3578 D16) (D3568 D17)
Ty6 : NS55678y NS1y (D55678y D1y) (D358y D367y)
S : D55678y D1y (NS55678y NS1y) (D358y D367y)
(3.3)
Thus, in the case where the string is wound around z6, we find that the resulting configuration
has D1 and D5 charges along with small amounts of NS1 and NS5 charge. At generic points
on the ring we will have all four charges locally, and at certain points the NS1 and NS5 charges
will dominate over the D1 and D5 charges.
In the case where the string is wound around z7, the smaller local charge is (D358y D367y).
Lifting these charges to M-theory we obtain3
D55678y D1y (D358y D367y) [IIB]
Ty78 : D256 D278 (D257 D268) [IIA]
lift : M256 M278 (M257 M268) [M]
(3.4)
In this case the configuration has the local form of an M2-M2 supertube, and along the ring
the wrappings of the M2 branes rotate in the torus directions.
In the following we will consider the case where the string is wound around z6, which is
more convenient to analyze in the D1-D5 frame. At opposite points on the string worldsheet
(σ versus σ + pi), the winding is in the opposite direction around the compact directions, so
there is no overall winding charge. Thus for the z6 configuration, the dual will have dipole
D1, D5, NS1, NS5 charges but no overall net charge. The above considerations motivate the
ansatz we will make in the next section, which will resemble a “time-dependent S-duality”
along the worldvolume of the supertube4.
3We thank N. Warner for a discussion on this point.
4For a similar structure in a different context, see [18].
8
3.2 The starting D1-D5 solution
We work with type IIB string theory with the compactification
M9,1 → M4,1 × S1 × T 4 . (3.5)
We wrap n1 D1 branes on S
1, n5 D5 branes on S
1 × T 4, and consider the bound states of
these branes.
We start by considering the geometry which is U-dual to a classical string configuration
similar to that studied in Section 2.2, but which winds only around the y direction and so
carries both winding and momentum charge along this direction. After the dualities, these
become D1 and D5 charges.
This geometry corresponds to the Ramond ground state obtained by spectral flow of the
NS vacuum. It was first studied in [19] and takes the form:
ds2 = −1
h
(
dt+
aQ
f
sin2 θdφ
)2
+
1
h
(
dy − aQ
f
cos2 θdψ
)2
+ hf
(
dr2
r2 + a2
+ dθ2
)
+ h
[
r2 cos2 θdψ2 + (r2 + a2) sin2 θdφ2
]
+ dzidzi ,
C
(2)
ty = −
Q
Q+ f
, C
(2)
tψ = −
Qa cos2 θ
Q+ f
, (3.6)
C
(2)
yφ = −
Qa sin2 θ
Q+ f
, C
(2)
φψ = Q cos
2 θ +
Qa2 sin2 θ cos2 θ
Q+ f
where
a =
Q
Ry
, f = r2 + a2 cos2 θ, h = 1 +
Q
f
. (3.7)
This configuration is a solution to the 10D equations of motion
RMN =
1
4
F
(3)
MPQF
(3)
N
PQ ,
F
(3)
MNP
;P = 0 , F (3) = dC(2) , (3.8)
with F (3) being self-dual in 6D.
In this section we work in the regime of parameters
 ≡ Ry√
Q
 1 ⇒ Ry 
√
Q  a . (3.9)
In this limit the background has the structure of a thin ring of radius a and thickness
√
Q, as
noted in [13]. The center of the ring is the locus r = 0, θ = pi/2, which is a circle extended in
the φ direction.
In the previous subsection, by considering dualities, we found that the configuration which
corresponds to the fundamental string solution of Section 2 should have local dipole charges
which oscillate from D1-D5 to NS1-NS5 around a thin ring. This motivates a guess for the
9
fields sourced by such an object: start from (3.6), in the limit of a large ring (3.9), and define
new fields
C(2)′ = C(2) cos
[
k
(
φ− ta
)]
, B(2)′ = C(2) sin
[
k
(
φ− ta
)]
. (3.10)
If we replaced the t, φ dependence by a constant parameter, this would simply be an S-duality.
Such an S-duality would not produce any dilaton ϕ or R-R fields C(0) or C(4). The ansatz
(3.10) is too simple by itself to yield an exact solution, and we will not attempt to construct
this solution here. Nevertheless, the duality argument suggests that such a solution exists,
and we shall next see that, in the near-ring limit, these fields reduce to an exact supergravity
solution with ϕ, C(0) and C(4) set to zero.
For the large ring, we expect the time-dependence in (3.10) to give rise to non-zero fields
ϕ, C(0) and C(4), as well as corrections to the metric. In particular, we expect this to lead to
radiation in ϕ and C(0). We will estimate the contribution to such radiation coming from the
starting ansatz (3.10) below, although we emphasize that we will not perform a systematic
analysis.
3.3 Exact oscillating supertube solution
We now take a near-ring limit, in which we will obtain an exact solution for the oscillating
supertube. The limit consists of ‘zooming in’ very close to the ring, so that the coordinate
along the ring becomes an infinite straight line to leading order.
We first change to a more suitable coordinate system. Following [20], we transform from
(r, θ, ψ, φ) to (ρ, ϑ, ϕ, ξ) with the coordinate transformation5
r2 =
a2ρ(1− cosϑ)
a+ ρ cosϑ
, sin2 θ =
a− ρ
a+ ρ cosϑ
, ψ = ϕ , φ =
ξ
a
. (3.11)
The coordinate ρ measures distance from the ring. Near the ring, ξ measures distance along
the ring, and r, ϑ, ϕ are polar coordinates in the transverse three non-compact directions. ϑ
is the polar angle with ϑ = 0 pointing towards the center of the ring. Under this change of
coordinates, we have
cos2 θ =
ρ(1 + cosϑ)
a+ ρ cosϑ
, f =
2a2ρ
a+ ρ cosϑ
. (3.12)
We introduce q for the charge density along the ring,
q =
Q
2a
. (3.13)
To take the near-ring limit we consider
ρ  a . (3.14)
5To get to the coordinate naming conventions of [20] one should relabel (r, θ, ψ, φ) → (r¯, θ¯, ψ¯, φ¯) and
(ρ, ϑ, ϕ, ξ)→ (r, θ, φ, z).
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In this regime we have
f ' 2aρ , r2 ' aρ(1− cosϑ) . (3.15)
The ansatz (3.10) on the original background (3.6) then reduces to the following fields:
ds2 = −H−1
(
dt+
q
ρ
dξ
)2
+H dξ2 + ds2TN ,
ds2TN = H
−1
(
dy − q(1 + cosϑ) dϕ
)2
+H
(
dρ2 + ρ2dϑ2 + ρ2 sin2 ϑdϕ2
)
,
C(2) = cos
[
k
a
(ξ − t)
](
H−1
q
ρ
dy ∧ (dt− dξ) +H−1q(1 + cosϑ) dϕ ∧ (dt− dξ)
)
(3.16)
B(2) = sin
[
k
a
(ξ − t)
](
H−1
q
ρ
dy ∧ (dt− dξ) +H−1q(1 + cosϑ) dϕ ∧ (dt− dξ)
)
where
H = 1 +
q
ρ
. (3.17)
The fields ϕ, C(0) and C(4) may be consistently set to zero, so the type IIB supergravity field
equations truncate to:
RMN = TMN , TMN =
1
4
F
(3)
MPQF
(3)
N
PQ +
1
4
H
(3)
MPQH
(3)
N
PQ ,
F
(3)
MNP
;P = 0 , F (3) = dC(2) , (3.18)
H
(3)
MNP
;P = 0 , H(3) = dB(2) .
By an explicit check, we find that the above fields are an exact solution to the equations of
motion (3.18). The resulting F (3) and H(3) are self-dual in 6D.
We interpret this solution as evidence that these oscillating supertubes exist as objects in
string theory. This solution also suggests that the circular oscillating supertube ansatz (3.10)
captures at least some basic features of the desired circular oscillating supertube solution.
3.4 Radiation from the ring configuration
The bound states discussed above are non-BPS; as is the case for all non-BPS microstates,
they are expected to decay. Of course, atypical states may have shorter or longer lifetimes
than typical states. It is interesting to investigate the physics of radiation from the above ring
configuration.
As mentioned above, we expect that in the ring configuration, the time-dependence in the
ansatz (3.10) gives rise to radiation in ϕ and C(0). We now make a simple estimate for the
contribution to such radiation arising directly from the ansatz (3.10). We emphasize that we
are not making a systematic analysis; a full investigation would involve an actual construction
of the solutions, perhaps in a perturbative scheme. Nevertheless, let us make some preliminary
remarks. To a first approximation, the dilaton and axion have almost identical behavior, and
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for concreteness we focus on the dilaton. We ignore numerical factors in the following and the
details are presented in Appendix A.
We remind the reader of the small parameter :
 ≡ Ry√
Q
=
√
Q
a
 1 . (3.19)
In our setup, we have five large dimensions. We estimate the contribution to the dilaton from
the fields in the starting ansatz (3.10). Such an estimate may be obtained by analyzing the
five-dimensional equation
5ϕ ' 1
2
[(
F (3)
)2 − (H(3))2] ∼ 4k2 [ a2
(r2 + a2)(Q+ f)
cot2 θ
]
cos
[
2k
(
φ− ta
)]
(3.20)
where 5 is the five dimensional d’Alembertian. We focus on the parameters  and a. In
Appendix A, we obtain the following estimate for the dilaton field:
ϕ(t,x) ∼ 4 a
3
2
r
3
2
∫
d4x˜′
cot2 θ˜′
(r˜′2 + 1) (r˜′2 + cos2 θ˜′)
k
5
2 cos
[
2k
(
t˜− |x˜− x˜′| − φ˜′
)
+
pi
4
]
(3.21)
≡ 4 a
3
2
r
3
2
I
(
t˜, x˜; k
)
, (3.22)
where x is a vector in R4 and where variables with a tilde are dimensionless:
t˜ =
t
a
, r˜ =
r
a
, θ˜ = θ , φ˜ = φ , etc . (3.23)
In equation (3.21) we have extracted the parametric dependence on  and a, but not k.
The k-dependence is sensitive to the details of the source near the core, which we have not
constructed, so it is not possible to extract a reliable estimate at this level.
At infinity, to a good approximation we have flat Minkowski space, so that the energy flux
is given by
Ttr ' ∂tϕ∂rϕ (3.24)
and the leading term arises when the derivatives fall on I(t˜, x˜; k). Converting the derivatives
to dimensionless variables, we find
Ttr ∼ 8 a
r3
∂t˜I
(
t˜, x˜; k
)
∂r˜I
(
t˜, x˜; k
)
. (3.25)
Integrating over the S3 at infinity, the time-averaged power radiated to infinity is then6:〈
dE
dt
〉
=
〈
lim
r→∞
∫
dΩ(3)r
3Ttr
〉
(3.26)
∼ 8 a
〈
lim
r→∞
∫
dΩ(3) ∂t˜I
(
t˜, x˜; k
)
∂r˜I
(
t˜, x˜; k
)〉
. (3.27)
6To restore dimensions, the denominator should receive a factor of the five-dimensional Newton constant.
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Let us make some comments on this estimate. Firstly, if we set k to be some fixed number
of order unity, we note that the radiation rate is parametrically small, controlled by the
parameter . If we re-express  in terms of Ry and a, we see that the radiation rate decreases
with increasing a. For example, if we set Ry (and all other compact directions) to be of order
the Planck length, for k of order unity we find〈
dE
dt
〉
∼ lp
a3
. (3.28)
If this estimate accurately represents the radiation rate from these configurations, it sug-
gests they may be very long-lived. However, there are many uncertainties which should be
addressed before one can draw such a conclusion. Firstly, we cannot have full confidence in
the estimate itself; a priori, it is possible that a full construction of the solution will lead to a
greater or lower radiation rate. Secondly, as noted above, at this level it is not possible to esti-
mate the k-dependence of the radiation rate. Finally, we cannot have full confidence that the
radiation in the dilaton and axion is the dominant decay channel. Clearly a complete system-
atic analysis is required. Once a full investigation has been carried out, it would be interesting
to investigate further the suggestion that such radiation may be related to superradiance [16].
In addition, one is naturally led to wonder about more complicated configurations, involv-
ing arbitrary profile shapes, and larger k. It is a very interesting question to ask whether the
lifetime of generic configurations matches the lifetime of the corresponding black hole solu-
tions. The answer will depend on many factors, including the typical local extrinsic curvature
radius of the generic profile, the k dependence, cancellations between different segments of
the configuration, and the redshift between the source and the asymptotics. In the present
configuration the redshift is negligible, but for more complicated profiles we expect this to
be important. Such questions are beyond the scope of this paper, and this is an interesting
direction for future study.
4 Neutral non-BPS states from JMaRT solutions
In this section we conjecture the existence of an oscillating supertube solution based on the
two-charge JMaRT solutions. We first review these solutions and give an overview of our
conjecture.
4.1 Overview
Most microstate constructions to date have focused on supersymmetric solutions, such as the
one in Section 3.2 above. Two-charge BPS D1-D5 microstates can all be constructed [21, 22,
23], and studied in a 1+1 dimensional CFT living along the common direction y shared by
the D1 and D5 branes. We focus on axisymmetric supergravity solutions. In the CFT we can
consider the operation of spectral flow [24], which maps states of the theory to new states. In
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[25, 26] spectral flow on the left movers was considered. The CFT state acquires a momentum
and an additional energy which are equal. Thus we obtain BPS states with momentum charge
in the y direction. The corresponding geometries were constructed, and found to be regular
supergravity solutions.
In [6], microstate geometries were found which are non-BPS. These solutions correspond
to CFT states where spectral flow is performed on both the left and the right movers. Suppose
we add np units of momentum to the left-moving sector and n¯p units of momentum to the
right-moving sector. The net momentum charge of the CFT state is np− n¯p, while the added
energy is np + n¯p. Thus the state may have more energy than charge, making it non-BPS.
Our goal is to see if we can make states that are not just non-BPS, but neutral. We
proceed in the following steps:
(i) We consider an equal amount of spectral flow m on both left and right sectors, so that
we add no net momentum charge to the state. For convenience we set the D1 and D5 charges
equal: Q1 = Q5 = Q.
(ii) The length of the y circle, Ry, must be taken large (Ry 
√
Q) to get a limit where
we have a large AdS region and thus a well-defined dual CFT. But the geometries of [6] allow
us to choose any value for Ry, and we take Ry small,
Ry 
√
Q . (4.1)
This is because if we wish to describe solutions that have the properties of black holes in the
non-compact directions, we must take the compact directions to be small compared to the
length scales involved in the non-compact part of the black hole geometry.
(iii) We consider the regime of parameters for which the D1 and D5 charges are much
smaller than the ADM mass of the solution. This requires us to consider large values of the
spectral flow parameter m,
m  1 , (4.2)
and we shall discuss precisely how large in due course.
(iv) We then observe that these small D1, D5 charges influence the geometry only in a
region which is shaped like a thin ring. The local structure is therefore similar to that of the
ring solution which we studied in Section 3. In the previous case the spacetime was flat away
from the ring, while in our present case the spacetime has a nonzero curvature away from the
ring. But the length scale of this curvature is large compared to the thickness of the ring, so
we have a ring that is sitting in gently curved space. We then conjecture that, as with the
two-charge ring, we can allow the charges to oscillate between D1-D5 and NS1-NS5 along the
ring direction, in such a way that the overall charge of the ring is zero.
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(v) If the above conjecture is correct, then this would be a new solution that has no
conserved gauge charges. It has large angular momentum, generated by the spectral flows we
have taken. In fact, the 5D Myers-Perry solution with the same mass and angular momentum
is slightly over rotating, and so has a naked ring singularity. The JMaRT solutions are
however all smooth and singularity-free, so we can think of the Myers-Perry singularity as
being resolved by the small D1 and D5 charges. The parameters may be chosen to make the
over rotation arbitrarily small, so this would be a new solution which has approximately the
quantum numbers of the extremal 5D singly-spinning Myers-Perry black hole. We discuss
obtaining solutions with less angular momentum in the Discussion section.
4.2 Two-charge non-BPS horizonless solutions
We start with the smooth horizonless solutions studied in [6]. These solutions are special
cases of the general rotating three-charge solutions obtained in [27], which include black hole
solutions as well as smooth solitons.
We focus on the subset of solutions with no net momentum charge, and for simplicity we
set the D1 and D5 charges to be equal, Q1 = Q5 = Q. With this choice of parameters, and
using the shorthand notation c = cosh δ, s = sinh δ, the metric simplifies to7
ds2 = H˜−1
[
− (f −M)
(
dt− a2M
(f −M) sin
2 θ c2 dφ
)2
(4.3)
+ f
(
dy +
a2M
f
cos2 θ s2 dψ
)2]
+ H˜
(
dr2
r2 + a22 −M
+ dθ2 +
r2 cos2 θ
f
dψ2 +
(r2 + a22 −M) sin2 θ
f −M dφ
2
)
where
H˜ = f +M sinh2 δ , f = r2 + a22 cos
2 θ . (4.4)
The RR 2-form simplifies to
C2 = −Q
H˜
dt ∧ dy + Qa2
H˜
(
cos2 θ dt ∧ dψ + sin2 θ dy ∧ dφ)
−Q
H˜
(r2 + a22 +Ms
2) cos2 θ dψ ∧ dφ ,
where the five-dimensional D1 and D5 charge Q is given by
Q = M sinh δ cosh δ . (4.5)
7Starting from the general solution in Eq. (2.1) of [6], the above solution is obtained by setting a1 = δp = 0
and δ1 = δ5 = δ, giving Q1 = Q5 = Q etc.
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For smooth horizonless solutions we have the following constraints:
Ms2√
a22 −M
= Ry , (4.6)
a2√
a22 −M
= m ∈ Z . (4.7)
In units in which 4G(5)/pi = 1, the Einstein frame ADM mass is
MADM = M cosh 2δ . (4.8)
4.3 Regime of parameters of interest
In the above solution there are three free parameters, which we shall take to be Q, Ry, m.
As discussed above, we take Ry 
√
Q and we work far from the BPS limit, 2Q  MADM .
From (4.5), (4.8), we see that this implies that δ  1, so we have two small parameters:
Ry√
Q
= 1  1 , (4.9)
δ  1 (4.10)
and we also have the relation
Q ' MADM δ . (4.11)
We are mainly thinking of the D1 and D5 charge Q as a fixed regulator, which resolves the
ring singularity of the corresponding 5D singly spinning Myers-Perry solution. As a result we
think of the parameter 1 as some fixed small number, say 10
−3.
On the other hand, we would like to have an arbitrary large hierarchy between the charge
and the ADM mass, which we think of as macroscopic. Therefore we require δ to be arbitrarily
small. Combining equations (4.5)–(4.7), one may show that
21
(m2 − 1) =
sinh3 δ
cosh δ
' δ3 (4.12)
where in the second step we have taken the small δ approximation. To make δ arbitrarily
small, we must therefore take m to be correspondingly large, according to (4.12).
In this regime of parameters, the 5D solution resembles a thin ring inside a 5D singly-
spinning Myers-Perry solution. In the limit m→∞, δ → 0, the 5D metric approaches the 5D
extremal singly-spinning Myers-Perry solution.
4.4 Conjecture
We have seen that in a particular regime of parameters, the two-charge JMaRT solutions
resemble a thin charged ring inside a Myers-Perry solution. We now conjecture that a similar
construction to that of Section 3 yields a new charge-neutral solution.
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In the present case, we have a thin charged ring inside a Myers-Perry solution, rather than
a thin charged ring in flat space as in the previous section. As a result, we expect the solution,
if it exists, to be more involved than that of the previous section8. A detailed investigation is
beyond the scope of this paper, but by analogy with the previous example, we expect that a
starting point should be a similar ansatz resembling a “time-dependent S-duality”,
C(2)′ = C(2) cos
[
k
(
φ− ta2
)]
, B(2)′ = C(2) sin
[
k
(
φ− ta2
)]
. (4.13)
If such a solution exists, this would be very interesting in its own right. As before, there are
interesting questions regarding the stability of any such solution. The JMaRT backgrounds
themselves have an ergoregion instability [28, 29], and we are introducing time-dependent
gauge fields.
Nevertheless, we are interested in the possibility that this type of construction may play
a role in finding solutions which carry less angular momentum, and which would thus be
candidates to be identified as microstates of macroscopic neutral black holes. We comment
further on this in the Discussion.
5 Discussion
In this paper we have studied bound states of string theory which are charge neutral; the
configurations we studied have dipole charges but no conserved charges other than mass and
angular momentum. We focused on states with large angular momentum, which provides a
simplification in the construction of microstates.
We started with a fundamental string configuration with the structure of a ring, which
has local dipole winding and momentum charges. The charges rotate around the ring in such
a way that there is no overall conserved winding or momentum charge. By considering a
sequence of S and T dualities, we inferred the existence of an ‘oscillating supertube’, whose
local dipole charges oscillate as a null wave along the supertube profile (in our example, from
D1-D5 to NS1-NS5). We found an exact supergravity solution in the near-ring limit, in which
the supertube profile becomes an infinite straight line. The solution is everywhere smooth.
We regard this as evidence that this oscillating supertube exists as an object in string theory.
We also made a simple estimate for the radiation rate from the ring configuration.
We then used this result to conjecture that a similar construction may be applied to a set
of two-charge JMaRT solutions. In a particular regime of parameters, this family of solutions
has the structure of a thin charged ring inside a 5D singly-spinning Myers-Perry solution. The
Myers-Perry solutions include both black holes with classical horizons and solutions which have
naked singularities at the classical level. In the 5D singly-spinning case, when the angular
momentum is below the extremality bound there is a classical horizon; when the angular
momentum is extremal or over-rotating, the solutions have naked ring singularities. The
8For example, it is not clear to us whether a useful analog of the coordinates used in Section 3.3 exists.
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JMaRT solutions have quantum numbers in the over-rotating regime, but the over-rotation
can be made arbitrarily small, approaching the extremal value.
Using the intuition from the two-charge ring, we conjectured that we could alter these
two-charge JMaRT solutions to make the charge change with position along the ring, setting
the overall charge to zero. This would then be a regular, horizonless, neutral bound state with
quantum numbers arbitrarily close to those of the extremal 5D singly-spinning Myers-Perry
solution.
Our work offers many opportunities for future research. Most obvious are the explicit
construction of circular oscillating supertube solutions, and a detailed study of their decay
modes. Most interesting to us however, is the question of whether this line of thinking can
be taken further. We would of course like to understand microstates of black holes with
macroscopic classical horizons. In the present setting of 5D singly-spinning Myers-Perry black
holes, this means understanding microstates with angular momentum below the extremality
bound. It would also be interesting to see if it is possible to construct similar solutions
corresponding to microstates of other neutral black objects, such as black rings (see e.g. [30])
and helical black rings [31].
One way that such microstates might be realized is as follows. The thin ring carrying
charge in the above Myers-Perry-like geometry is similar, locally, to the supertube carrying
charge in the two-charge case which we studied in Section 3. In the latter case we can think
of the supertube as ‘sourcing’ the rest of the geometry: one can choose any shape for the
supertube, and a corresponding geometry will be generated. Different supertube profiles give
rise to different geometries, and in particular we can choose profiles that have no overall
angular momentum.
It would be interesting to know, in the case of the Myers-Perry-like microstate geometries
we have conjectured, whether a similar procedure could be followed. First, we can ask if
the thin tube carrying charge could be considered as ‘sourcing’ the rest of the geometry. If
this is true, then it would appear likely that we can consider any shape we wish for this
tube, including profiles that have no overall angular momentum. In that case the geometry
sourced by the tube would have no angular momentum either. Since the configuration was
constructed to have no conserved gauge charges, the geometry would have neither charge nor
angular momentum; thus we would obtain a bound state with the quantum numbers of the
Schwarzschild black hole.
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A Radiation estimate
We expect the starting ansatz (3.10) to give rise to non-zero dilaton ϕ and RR fields C(0) and
C(4), as well as corrections to the metric. In particular, we expect radiation in ϕ and C(0).
Here we make a simple estimate for this radiation. For concreteness, we will mainly focus on
the dilaton.
We start in 10D Einstein frame, in which the type IIB supergravity equations of motion
are
ϕ = e2ϕ∂MC(0)∂MC(0) +
1
12
eϕF˜
(3)
MNP (F˜
(3))MNP − 1
12
e−ϕH(3)MNP (H
(3))MNP , (A.1)
C(0) = −2∂Mϕ∂MC(0) − 1
6
e−ϕF˜ (3)MNP (H
(3))MNP , (A.2)
d ?
(
eϕF˜ (3)
)
= F˜ (5) ∧H(3) , (A.3)
d ?
(
e−ϕH(3) − eϕC(0)F˜ (3)
)
= −F˜ (5) ∧ F (3) , (A.4)
d ? F˜ (5) = H(3) ∧ F˜ (3) , F˜ (5) = ? F˜ (5) , (A.5)
along with the Einstein equation, where
F˜ (3) = F (3) − C(0)H(3) , F˜ (5) = F (5) − C(2) ∧H(3) , (A.6)
H(3) = dB(2) , F (3) = dC(2) , F (5) = dC(4) . (A.7)
The starting ansatz (3.10) gives contributions as follows (using (F (3))2 = 16F
(3)
MNP (F
(3))MNP
and similarly for H(3))
(F (3))2 ∼ 4k2
[
a2
(r2 + a2)(Q+ f)
cot2 θ
]
sin2
[
k
(
φ− ta
)]
, (A.8)
(H(3))2 ∼ 4k2
[
a2
(r2 + a2)(Q+ f)
cot2 θ
]
cos2
[
k
(
φ− ta
)]
, (A.9)
F
(3)
MNP (H
(3))MNP ∼ 4k2
[
a2
(r2 + a2)(Q+ f)
cot2 θ
]
sin
[
2k
(
φ− ta
)]
, (A.10)
C(2) ∧B(2) ∼ 4a
4 cos2 θ
(Q+ f)
sin
[
2k
(
φ− ta
)]
dt ∧ dy ∧ dψ ∧ dφ , (A.11)
where as before f = r2 + a2 cos2 θ.
The dilaton equation of motion, to leading order in , becomes
ϕ ' 1
2
[(
F (3)
)2 − (H(3))2] ∼ 4k2 [ a2
(r2 + a2)(Q+ f)
cot2 θ
]
cos
[
2k
(
φ− ta
)]
. .(A.12)
Similarly, the axion equation of motion, to leading order in , becomes
C(0) ' −1
6
F
(3)
MNP (H
(3))MNP ∼ 4k2
[
a2
(r2 + a2)(Q+ f)
cot2 θ
]
sin
[
2k
(
φ− ta
)]
. (A.13)
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In passing, we note that the non-zero C(2) ∧B(2) will contribute to the C(4) field.
We now focus on the dilaton and make a simple estimate for the field in the radiation
zone. As one can see from the above expressions, the C(0) calculation is almost identical.
In our setup, we have five large dimensions. Let us write the five-dimensional version of
(A.12) as (5 is the five dimensional d’Alembertian)
5ϕ = S(t,x) , (A.14)
where the source S(t,x) is
S(t,x) = 4k2
[
a2
(r2 + a2)(Q+ f)
cot2 θ
]
cos
[
2k
(
φ− ta
)]
. (A.15)
Rather than using the explicit form of the source immediately, let us start with a general
source S(t,x). The retarded Green’s function for the wave equation in 4 + 1 dimensions,
ignoring numerical factors, is (see e.g. [32, 33, 34])
Gret(t,x) ∼ δ(t− r)
r
√
t2 − r2 −
Θ(t− r)
(t2 − r2)3/2 , (A.16)
where r = |x|. For a general source S(t,x) we have
ϕ(t,x) =
∫
d4x′
∞∫
−∞
dt′ S(t′,x′)Gret(t− t′,x− x′) . (A.17)
Let us introduce r = |x− x′| and write
1
[(t− t′)2 − r2]3/2 =
1
t− t′
∂
∂t′
1√
(t− t′)2 − r2 . (A.18)
Then (A.17) becomes
ϕ(t,x) ∼
∫
d4x′
∞∫
−∞
dt′ S(t′,x′)
[
δ((t− t′)− r)
r√(t− t′)2 − r2 −Θ((t− t′)− r) 1t− t′ ∂∂t′ 1√(t− t′)2 − r2
]
.
(A.19)
We integrate the second term by parts in t′, whereupon one of the resulting terms cancels the
first term. We thus obtain
ϕ(t,x) ∼
∫
d4x′
t−r∫
−∞
dt′
[
S(1,0)(t′,x′)
t− t′ −
S(t′,x′)
(t− t′)2
]
1√
(t− t′)2 − r2 (A.20)
where S(1,0)(t′,x′) denotes the derivative of S(t′,x′) with respect to its first argument.
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Now let us consider the source of interest, given in Eq. (A.15). We also focus on the first
term in (A.20). The resulting t′ integral is
It′ =
t−r∫
−∞
dt′
k
a
sin
[
2k
(
φ′ − t′a
)]
√
(t− r)− t′ (t− t′)√(t+ r)− t′ . (A.21)
Since we are ignoring overall numerical factors, in the second and third factors of the denom-
inator we may make the approximation
t− t′ ' r . (A.22)
We have verified this numerically. The integral then becomes
It′ ∼ k
a
1
r3/2
t−r∫
−∞
dt′
sin
[
2k
(
φ′ − t′a
)]
√
(t− r)− t′ ∼
√
k
a
1
r 32 cos
[
2k
a
(
t− r − aφ′)+ pi
4
]
. (A.23)
A similar analysis shows that the second term in (A.20) is subleading for large |x|, so we
discard it. For large |x| we then obtain
ϕ(t,x) ∼ 4k2 a
3
2
|x| 32
∫
d4x′
cot2 θ′
(r′2 + a2) (Q+ f)
√
k cos
[
2k
a
(
t− |x− x′| − aφ′)+ pi
4
]
. (A.24)
Let us estimate the dependence of the x′ integral on the parameters  and a (the k-dependence
is sensitive to the details of the source near the core, which we have not constructed, so it is
not possible to extract a reliable estimate at this level). The main scale in the problem is a,
so we introduce the dimensionless variables:
t˜′ =
t′
a
, r˜′ =
r′
a
, θ˜′ = θ′ , φ˜′ = φ′ , etc . (A.25)
and similarly for unprimed variables. Let us also make the approximation
Q+ f = Q+ r′2 + a2 cos2 θ′ = a2
(
r˜′2 + cos2 θ˜′ + 2
)
' a2
(
r˜′2 + cos2 θ˜′
)
. (A.26)
Then the a dependence of the measure factor and denominator cancel, yielding
ϕ(t,x) ∼ 4 a
3
2
|x| 32
∫
d4x˜′
cot2 θ˜′
(r˜′2 + 1) (r˜′2 + cos2 θ˜′)
k
5
2 cos
[
2k
(
t˜− |x˜− x˜′| − φ˜′
)
+
pi
4
]
. (A.27)
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